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In X-ray excited photoelectron emission (XPS), besides the initial excitation process, the shape and intensity of
photoelectron peaks are strongly affected by extrinsic excitations due to electron transport out of the surface (in-
cluding bulk and surface effects) and to intrinsic excitations due to the sudden creation of the static core hole. To
make an accurate quantitative interpretation of features observed in XPS, these effects must be included in the
theoretical description of the emitted photoelectron spectra. It was previously shown [N. Pauly, S. Tougaard, F.
Yubero, Surf. Sci. 620 (2014) 17] that these three effects can be calculated bymeans of the QUEELS-XPS software
(QUantitative analysis of Electron Energy Losses at Surfaces for XPS) in terms of effective energy-differential in-
elastic electron scattering cross-sections. The only input needed to calculate these cross-sections is the energy
loss function of the media which is determined from analysis of Reﬂection Electron Energy Loss Spectra
(REELS). The full XPS spectrum is then modeled by convoluting this energy loss cross-section with the primary
excitation spectrum that accounts for all effects which are part of the initial photo-excitation process, i.e. lifetime
broadening, spin–orbit coupling, and multiplet splitting. In this paper we apply the previously presented proce-
dure to the study of Ni 2p photoemission inNiO andNi diluted in a SiO2matrix (Ni:SiO2), samples being prepared
by reactive magnetron sputtering at room temperature. We observe a signiﬁcant difference between the corre-
sponding Ni 2p primary excitation spectra. The procedure allows quantifying the relative intensity of the
c3d9L, c3d10L2, and c3d8 ﬁnal states contributing to the Ni 2p photoemission spectra of the Ni2+ species in the
oxide matrices. Especially, the intensity ratio in NiO between the non-local and local contributions to the 3d9L
conﬁguration is determined to be 2.5. Moreover the relative intensity ratio of the c3d9L/c3d10L2/c3d8 conﬁgura-
tions is found to be 1.0/0.83/0.11 for both the NiO and Ni:SiO2 samples.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction
X-ray photoelectron spectroscopy (XPS) is currently extensively
used to obtain information about the composition and the electronic
structure of atoms in the surface region of materials [1]. XPS spectra
consist of the energy distribution of emitted photoelectrons after excita-
tion by X-ray absorption and electron transport out of the solid. For
accurate spectrum analysis, it is necessary to have a quantitative under-
standing of energy loss processes and elastic scattering events experi-
enced by the photoelectrons during their transport out of the solid.
Quite often, only a qualitative comparison between experimental re-
sults and theoretical simulations of XPS spectra can be done due to the
fact that the inelastic background of the experimental data is treated
based on linear or Shirley type background subtraction [2], methods
that do not rely on a quantitative description of the energy loss
processes which have a strong inﬂuence on the shape and intensity of
the measured photoemitted peaks.
A one-step model based on a semi-classical dielectric response de-
scription has been proposed [3,4] and implemented in the QUantitative
analysis of Electron Energy Losses at Surfaces for XPS software (QUEELS-
XPS) [5], which determines the energy-differential inelastic electron
scattering cross-sections for XPS, KscXPS, including bulk, surface and core
hole induced losses as well as interference between them. By compari-
son to the experiments, this has been shown [6] to give a good quanti-
tative description of the energy and angular dependence of the loss
structure for various photoelectron emissions from several materials.
Besides, based on the QUEELS-XPS description of the electron energy
losses, a method was recently proposed [9] which allows to directly
determine the primary excited spectrum F(E) (which accounts for all
contributions that are part of the initial photoexcitation process like life-
time broadening, spin–orbit coupling and multiplet splitting) from a
measured experimental XPS spectrum simply by using the KscXPS cross-
section in the Tougaard background.
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In the present paper we apply this method to determine the Ni 2p
primary excitation spectra of NiO and Ni diluted in a SiO2 matrix
(Ni:SiO2) from the corresponding experimental Ni 2p photoemitted sig-
nal. These systems have been selected because in the past, interpreta-
tion of the spectral line shape of the Ni 2p photoemission of Ni2+
compounds has been the subject of intense experimental and theoreti-
cal works [10–16]. In this workwe use the QUEELS-XPS cross-section to
quantitatively isolate the primary excited Ni 2p spectrumwhich can di-
rectly be compared with theoretical calculations.
2. Experimental details
NiO and Ni:SiO2 samples were prepared by reactive magnetron
sputtering at room temperature. A gasmixture Ar/O2 at a total pressure
of 5 × 10−3 mbarwas used to produce themagnetron discharge. Ar and
O2were dosed bymassﬂow controllers, with a relativeﬂow rateϕ (Ar)/
ϕ (O2) of 10/1. The distance between the magnetron target and the
substrate was 10 cm. NiO samples were prepared from a pure Ni target.
Ni:SiO2 samples were prepared from a Si target with a Ni stripe (2 mm
width) wrapped to it. Polished Si wafers were used as substrates for the
ﬁlm deposition. Elemental depth proﬁles were evaluated by Rutherford
backscattering spectrometry (RBS) using an ~2.0MeVHe2+ beamand a
passivated implanted planar silicon detector located at a 165° scattering
angle in a 3 MV tandem accelerator (CNA, Seville, Spain). Analysis was
done using a SIMNRA code [17] and the concentration depth distribu-
tion of Ni within the SiO2 matrix was found to be homogeneous. More
details can be found elsewhere [18,19].
REELS measurements were performed using primary electron ener-
gies of 500, 1000 and 2000 eV for NiO and 500 eV for Ni:SiO2. The inci-
dence and exit angles of the electron beam were at 60° and 0° to the
surface normal respectively. The energy resolution of these measure-
ments was about 0.8 eV as determined by the full width at half maxi-
mum of the corresponding elastic peaks.
XPS characterizationwas donewith amonochromatized Al Ka X-ray
source irradiating the sample at an angle of 54° to the surface normal.
Spectra were measured normal to the surface with a PHOIBOS150 elec-
tron spectrometer. A pass energy of 10 eV was chosen to enhance the
energy resolution.
3. Dielectric function of NiO and Ni:SiO2
The starting point of this study is the determination of the complex
dielectric function ε(k,ω), or equivalently the energy loss function
(ELF) Im{−1/ε(k,ω)}, of the considered materials since this is the only
input in the QUEELS-XPS analysis. This is determined from analysis of
REELS experiments [20]. The basic idea of the procedure is to use theory
to simulate a REELS cross-section based on a model ELF. By the con-
straint that this must ﬁt with an experimental REELS cross-section,
Im{−1/ε(k,ω)} can thus be determined. To enhance the accuracy of
the determined ELF, the theory is usually compared to experimental
REELS recorded at different primary energies.
As a ﬁrst step we have to remove multiple scattering contributions
from themeasured REELS spectra in order to obtain the normalized ex-
perimental inelastic scattering cross-section λKexp (E, ℏω, θi, θo),whereλ
is the corresponding inelastic mean free path (E, θi and θo being the en-
ergy, the entrance angle and the exit angle – measured with respect to
the surface normal – of the moving electron, respectively). This is
donewith themethod of Tougaard and Chorkendorff [21] implemented
in the software QUASES-XS-REELS (Quantitative Analysis of Surface
Electron Spectra Cross Sections determined by Reﬂection Electron Ener-
gy Loss Spectroscopy) [22]. The resulting Kexp is an effective cross-sec-
tion which includes surface and bulk excitations and, as pointed out in
the paper by Tougaard and Chorkendorff [21] and later by others [23],
it can contain erroneous contributions from double surface and mixed
surface and bulk excitations. These effects are however usually negligi-
ble since it has been found in numerous studies that the cross-sections
are in agreement with the calculated theoretical single scattering
cross-sections of the surface and bulk contributions (see e.g. Refs.
[24–26] and references therein).
Next, this experimental cross-section Kexp is compared to the theo-
retical cross-section Ksc calculated by the semi-classical dielectric re-
sponse model of Yubero and Tougaard [27]. This model, including bulk
and surface excitations as well as interference between them, allows
to obtain the differential inelastic electron scattering cross-section spec-
trum Ksc (E, ℏω, θi, θo) in REELS for an electron of energy E interacting
with a solid and following a V-type trajectory making an angle θi at
the entrance and θo at the exit. The complete theory of the model has
been described in detail in Ref. [28], its validity has been experimentally
demonstrated in several papers (see Ref. [24], for instance) and the ac-
curacy of the V-type trajectory assumption has been theoretically eval-
uated in Ref. [29]. Themodel has been implemented into a user-friendly
software package, namely QUEELS-ε(k,ω)-REELS, which is generally
available [30].
To determine Ksc, the only required input in QUEELS-ε(k,ω)-REELS is
the dielectric function ε(k,ω) ormore exactly the ELF, Im{−1/ε(k,ω)}, of
themedium. To evaluate the ELF, we consider as amodel the expansion
in Drude–Lindhard type oscillators [31]
Im −
1
ε k;ωð Þ
 
¼
Xn
i¼1
Aiℏγiℏω
ℏ2ω20ik−ℏ
2ω2
 2 þ ℏ2γ2i ℏ2ω2
θ ℏω−EGð Þ ð1Þ
with the dispersion relation:
ℏω0ik ¼ ℏω0i þ αi
ℏ2k2
2m
: ð2Þ
In these expressions, Ai, ℏγi, ℏω0ik and ai denote the strength, width,
energy and dispersion of the ith oscillator, respectively while EG is the
band gap energy. The step function θ (ℏω− EG) is included to describe
the effect of the energy band gap EG present in semiconductors and in-
sulators. The oscillator strengths are adjusted to fulﬁll the optical sum
rule [32].
In the ELF determination procedure, the parameters Ai, ℏγi, ℏω0ik,
and ai of Eqs. (1) and (2) are varied until good agreement between
the calculated, Ksc, and experimental differential inelastic scattering
cross-sections, Kexp, is obtained (for all primary electron energies con-
sidered). EG is taken from the literature. This procedure allows to obtain
accurate ELF and has been successfully used in the past to determine
ε(k,ω) for many materials (see Refs. [24–26] for instance).
Fig. 1 shows the results of the ﬁtting procedure for NiO to REELS
cross-sections obtained at the three primary electron energies, E =
500, 1000 and 2000 eV with a ﬁxed angular conﬁguration of θi = 60°
and θo = 0°. The parameters of the ELF determined in this way are
shown in Table 1. The value of the band gap energy, EG = 3.7 eV, is
taken from Ref. [33] supplied by the National Institute of Standards
and Technology (NIST). The values of the dispersion parameters ai are
related to the effective mass of the electron. The best ﬁt for all energies
was obtained with ai = 0.2 for the excitations related to the valence
band electrons and ai=0.02 for the oscillators due to transitions involv-
ing the Ni 3p electrons. These values are consistent with previously
found values for wide band gap semiconductors [25,26,30]. As can be
seen in Fig. 1, this gives a good agreementwith the experiment at all pri-
mary energies.
For small energy losses (ℏω b 50 eV), the energy positions of struc-
tures in the experimental REELS have been compared with theoretical
calculations for NiO (see Ref. [34] for instance and references therein).
The energy positions of structures in the quantitative ELF obtained
from the present procedure corresponds well with these previous re-
sults. The ELF is dominated by one broad feature at 23.1 eV correspond-
ing to the bulk plasmon. Two other large features are also observed at 8
and 38 eV, corresponding to O 2pσ → Ni 3d and O 2 s→ Ni 3d transi-
tions. The quite large oscillator at 14.5 eV could be ascribed to the O
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2pσ→Ni 4p, O 2pσ→Ni 4 s or Ni 3d→Ni 4p transitions. For energy loss
N50 eV, less precise data exist in the literature, but our result agreeswell
with ELF reconstructed from X-ray scattering factors (a complete data-
base can be found in Ref. [35]). Moreover, the narrow oscillators at
66.3 and 69.2 eV correspond to excitations of Ni 3p electrons to unoccu-
pied states near the Fermi level EF.
For theNi:SiO2 sample, itwas found byXPS that theNi contentwith-
in the SiO2matrix was about 5%. It is therefore expected that the dielec-
tric description of the medium where the electrons are traveling is to a
good approximation equal to that of SiO2 which was determined previ-
ously [36]. The comparison of Kexp fromNi:SiO2 with Ksc calculated from
the ELF of SiO2 is shown as an example for a 500 eV primary electron en-
ergy in Fig. 2. The agreement between them is excellent proving that the
SiO2 ELF can be used to describe the dielectric properties of Ni:SiO2. We
report in Table 1 the ELF parameters of SiO2. SiO2 is characterized by a
single broad plasmon peak at 23.1 eV and a large band gap (EG =
9.3 eV).
Fig. 3 shows the determined ELF of NiO corresponding to the values
in Table 1 together with the ELF previously reported for SiO2 [36], and
thus valid also for Ni:SiO2.
4. Scattering cross-section for XPS of NiO and Ni:SiO2
Also based on the semi-classical dielectric response theory, a
model has been proposed [3,4] to be applied to an XPS conﬁguration,
including now both a moving photoelectron and a static core hole
created during the photoemission process and responsible for intrin-
sic excitations. This model allows to determine the energy-
differential inelastic electron single scattering cross-sections for
XPS, KscXPS(E, ℏω, θ) (where θ is the electron emission angle), includ-
ing bulk, surface and core hole effects as well as interference be-
tween these effects. It has been implemented in the user-friendly
QUEELS-XPS software (QUantitative analysis of Electron Energy
Losses at Surfaces for XPS) [5]. As for the QUEELS-ε(k,ω)-REELS soft-
ware described above, the ELF of the material is the only input in the
calculations (see full description of the model in Ref. [3]).
Thus, based on the ELFs obtained from analysis of REELS in Section 3,
we obtain, as shown in Fig. 4, the differential inelastic single scattering
cross-section,KscXPS, for photoelectrons of 630 eV energy emitted perpen-
dicular to the surface fromNiO andNi:SiO2, respectively. This conﬁgura-
tion has been chosen because it corresponds to the cases studied in this
paper (Ni 2p photoelectrons excited by an Al Ka X-ray source).
5. Analysis of Ni 2p photoelectron emission
An experimental XPS spectrum J(E) can be seen as the addition of
the contributions from electrons that have undergone an increasing
number of energy loss events [37] and can thus be reproduced by the
multiple convolution of a primary excitation function F(E), considered
Fig. 1. Comparison of the normalized inelastic cross-sections λK for NiO obtained from
REELS experiments (solid line) using QUASES-XS-REELS and from the best ﬁt result
(dashed line) evaluated using ε(k,ω) from Table 1 and QUEELS-ε(k,ω)-REELS for incident
electrons on NiO with energies of 500, 1000 and 2000 eV.
Table 1
Parameters used to model the dielectric loss function of NiO. The SiO2 data are taken from
Ref. [36].
Medium i ℏω0i (eV) Ai (eV2) ℏγi (eV) a
NiO
EG = 3.7 eV
1 8.0 3.74 5.0 0.2
2 14.5 5.55 8.0 0.2
3 23.1 246.50 11.5 0.2
4 38.0 236.71 16.0 0.2
5 52.0 103.68 20.0 0.2
6 66.3 11.85 2.0 0.02
7 69.2 11.85 2.0 0.02
8 85.0 257.58 40.0 0.02
SiO2
EG = 9.3 eV
1 15.0 7.82 5.0 0.02
2 23.1 277.91 14.0 0.02
Fig. 2. Comparison of the normalized inelastic cross-sections λK obtained from REELS ex-
periment (solid line) using QUASES-XS-REELS and from QUEELS-ε(k,ω)-REELS (dashed
line) with the SiO2 ELF (see Table 1) for electron with E= 500 eV incident on Ni:SiO2.
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as an input parameter, with the energy-differential single inelastic scat-
tering cross-section, KscXPS such as
J Eð Þ∝F Eð Þ þ λsc
Z ∞
E
F E0
 
KXPSsc E; E
0−E
 
dE0 þ
X∞
n¼2
Jn ð3Þ
where KscXPS is the inelastic single scattering cross-section as deﬁned
above for an energy loss E′–E evaluated for electronswith kinetic energy
E, and λsc is the inelastic scattering mean free path deﬁned as
λsc E; θð Þ ¼
Z ∞
0
KXPSsc E;ℏω; θð Þdℏω
 −1
: ð4Þ
The last term in Eq. (3) describes the contribution from multiple
scattered electrons to the spectrum: J2(E) is the double scattering con-
tribution, J3(E) the triple scattering contribution, and so on. J(E) is thus
modeled by repeated convolution, accounting for multiple losses.
Note that in previous expression (Eq. (3)), we have considered KscXPS
not only to account for theﬁrst inelastic scattering event, but also for the
rest of the successive inelastic events contributing to the measured
spectra. This approach has been shown to be a valid approximation in
a previous work [9]. Moreover our model implies a straight line trajec-
tory inside the solid for the photoelectron and thus neglects elastic scat-
tering. However, we have shown in a previous work [38] that elastic
scattering effects are of minor importance for the description of low
energy losses (i.e. smaller than 30 eV) in photoemission spectra. Elastic
scattering can thus reasonably be neglected in this study.
The full XPS spectrum is thusmodeled by convoluting the calculated
energy loss cross-section, KscXPS with the primary excitation spectrum, F
(E) considered as an input in the calculations. This F(E) spectrum ac-
counts for all effects that are part of the initial photo-excitation process
like lifetime broadening, spin–orbit coupling and multiplet splitting.
The shape of each peak of F (E) ismodeled by a symmetricmixed Gauss-
ian–Lorentzian function [39]:
f i Eð Þ ¼
exp½−4 ln2ð ÞMi E−E0iÞ2=β2i
 i
1þ 4 1−Mið Þ E−E0ið Þ2=β2i
ð5Þ
where E0i, βi, and Mi are respectively the peak center, the full width at
half maximum and the mixing ratio parameter (which takes the value
of 1 for a pure Gaussian function and 0 for a pure Lorentzian function).
Eq. (5) was chosen because it has been used for many years by several
groups to describe a large variety of spectra andmoreover it gives a cer-
tain ﬂexibility in the ﬁtting procedure. Thus the total primary spectrum
F(E) is the sum of contributions from peaks
Fi Eð Þ ¼
f i Eð ÞZ
f i Eð ÞdE
A0i ð6Þ
where A0i is the peak area. This procedure was recently used to deter-
mine the Cu 2p primary excitation spectra of Cu, Cu2O and CuO [9].
The cross-sections calculated in Section 4 have been used to simulate
the corresponding Ni 2p experimental spectra from NiO and Ni:SiO2
using Eqs. ((3)–(6)) and adjusting the parameters in F(E) until good
agreement with the experiment was obtained. We note that the ﬁtting
parameters were determined independently for the two spectra.
Fig. 5(a) and (b) shows the experiment and the corresponding J(E) sim-
ulation together with the corresponding primary excitation spectrum
F(E). The ﬁrst and second inelastic scattering contributions to the spec-
trum are also shown. The F(E) spectra (solid lines) correspond to the
contributions described in Eqs. (5) and (6) obtained with the parame-
ters listed in Tables 2 and 3 for the NiO and Ni:SiO2 cases, respectively.
We have chosen as kinetic energy reference the position of themost
intense peak (i.e. largest area) in the spectra (peak 2 at 629.05 eV for
NiO and peak 1 at 629.30 eV for Ni:SiO2). For the other contributions
to the F(E) spectra in Tables 2 and 3, we give the energy difference
with respect to this peak (by convention a negative number is for a
peak with a larger kinetic energy than the reference peak) as well as
the corresponding kinetic energy. By normalization, we have chosen
an area equal to one for the reference peak. We have chosen for all
peaks a Gaussian–Lorentzian mixing ratio parameterMi = 0.5. The in-
terpretation and labeling of the peaks in Tables 2 and 3 are explained
and discussed in Section 6.
Note that in Fig. 5(a) and (b) the actual ﬁtting is done only in the en-
ergy range 615–640 eV corresponding to Ni 2p3/2 (peaks 1–5 in Tables 2
and 3). In spite of the fact that the ﬁtting was done in this restricted en-
ergy range, a good agreement between the theoretical spectrumand the
experiment in the full 570–640 eV energy range is observed. Actually,
several constrains were imposed in the ﬁtting of the measured J(E) Ni
2p spectra. The Ni 2p1/2 contribution to the total Ni 2p emission was
considered as a replica of the Ni 2p3/2, displaced by 17.50 eV and with
half the amplitude. Indeed, this value of 17.50 eV, valid for both NiO
and Ni:SiO2, corresponds to the energy difference between the two
spin–orbit contributions 2p3/2 and 2p1/2 [40]. Then, the factor 1/2 be-
tween the relative intensities of the doublet peaks comes from the
ratio of their respective spin–orbit degeneracies (2j + 1). For p
subshells, this factor is equal to 1/2 [39]. This behavior was already ob-
served for Cu 2p emission [9]. On the other handwe let thewidth of the
Ni 2p1/2 peaks vary to improve the ﬁt with experiment.
Fig. 3. Comparison of ELF corresponding to NiO and Ni:SiO2.
Fig. 4. Energy-differential inelastic electron scattering cross-sections KscXPS for NiO and
Ni:SiO2.
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Note that the choice of the appropriate effective energy-differential
inelastic electron scattering cross-section KscXPS is important for an accu-
rate description of the measured J(E) spectra. In the case of NiO
(Fig. 5(a)), the contribution of the single inelastic scattering to the spec-
tra in the 620–625 eV energy range is more intense than that corre-
sponding to the Ni:SiO2 sample (Fig. 5(b)). Moreover, we observe
that, in the case of Ni:SiO2, the ﬁrst and second scattering contributions
to the total spectrum (and thus the total background) are larger at its
maximum and less wide than the corresponding contributions for
NiO. This is clearly due to the difference in shape of the corresponding
Ksc
XPS for the two materials (see Fig. 4).
At this point it is worth noting that until now we have considered
the total XPS spectrum as the multiple convolution of the primary exci-
tation function F(E) with the energy-differential inelastic electron scat-
tering cross-section. However as shown in Ref. [41] it is also possible to
obtain F(E) directly by deconvoluting the total spectrum with the same
inelastic cross-section. This is done with the formula
F Eð Þ ¼ J Eð Þ−λsc
Z ∞
E
KXPSsc E; E
0−E
 
J E0
 
dE0 ð7Þ
valid for homogeneous media [42,43] which is implemented in the
QUASES software package [44]. It was shown in Ref. [41] that F(E) spec-
tra obtained by the two methods agree. For the present study, using
QUASES (i.e. Eq. (7)) with KscXPS for NiO and Ni:SiO2, we basically obtain
the same result as above regarding the evaluation of F(E). Fig. 6(a) and
(b) shows the QUASES analysis of Ni2p spectra from NiO and Ni:SiO2
samples, respectively, using the corresponding KscXPS cross-sections. The
small difference between the two is mainly due to the constraint in
ﬁtting the spectra with Eqs. (5) and (6). A ﬁtting of the F(E) obtained
with Eq. (7) will result in essentially the same peaks as in Tables 2 and
3. This appears to be a faster and more convenient procedure because
the ﬁtting is done directly on the F(E) spectra rather than on the exper-
imental data including the multiple inelastic background which must
therefore be calculated for each iteration step in the ﬁtting procedure.
6. Discussion
The interpretation of the ﬁne structure of Ni 2p photoemission in
nickel oxides has been the subject of a strong debate for more than
two decades [10–16]. The ground state is a mixture of c3d8, c3d9L and
c3d10L2 conﬁgurations, where c indicates a hole in the Ni 2p core level
(either at the 2p3/2 or 2p1/2) and L denotes a hole at the ligand (oxygen)
site. This electronic structure gives rise to Ni 2p photoemitted spectra
with multiple peaks, which have been widely studied in the past
[10–16]. However, most interpretations have been done only at a qual-
itative level and have been restricted to the Ni 2p3/2 photoemission line.
Note that the multiplet splitting of the Ni 2p1/2 photoemission does not
need to be necessarily equal to that of Ni 2p3/2 due to a difference in in-
teractionwith the core hole left behind after the photoemission process.
However, we keep this as identical in the ﬁtting procedure and we will
discuss the observed differences after the analysis. Fig. 7 shows sepa-
rately various peaks of the Ni 2p transition for NiO and Ni:SiO2.
The main difference between the two spectra is obviously the ab-
sence of peaks 2 and 7 (see Tables 2 and 3 for references of the
peaks), but other differences are also observed. The peaks 1 and 6 are
displaced by 1.6 eV which is in agreement with previous results (for
peak 1) in Refs. [11,19]. Moreover, the intensity of all peaks is different
(a)
(b)
Fig. 5. Ni 2p emission from (a) NiO and (b) Ni:SiO2: total simulated spectrum (dash-dot-
dot), experimental spectrum (dashed line), F(E) primary spectrum (solid line), and ﬁrst
(dotted line) and second (dash-dot) individual scattering contributions.
Table 2
Parameters of the primary spectrum F(E) as deﬁned by Eqs. (5) and (6) for theNi 2p emis-
sion from NiO.Mi = 0.5 has been chosen for each peak.
NiO # Peak
label
Relative energy
position E0 (eV)
Kinetic
energy (eV)
Intensity
A0
Width β
(eV)
Ni 2p3/2 1 c3d9L −1.85 630.90 0.40 1.5
2 c3d9L-nl 0.00 629.05 1.00 3.3
3 c3d10L2-a 5.05 624.00 0.96 4.4
4 c3d10L2-b 8.20 620.85 0.20 3.0
5 c3d8 11.00 618.05 0.17 3.0
Ni 2p1/2 6 c3d9L 15.65 613.40 0.20 2.5
7 c3d9L-nl 17.50 611.55 0.50 3.8
8 c3d10L2-a 22.55 606.50 0.48 4.8
9 c3d10L2-b 25.70 603.35 0.10 5.0
10 c3d8 28.50 600.55 0.085 7.0
Table 3
Parameters of the primary spectrum F(E) as deﬁned by Eqs. (5) and (6) for theNi 2p emis-
sion from Ni:SiO2.Mi = 0.5 has been chosen for each peak.
Ni:SiO2 # Peak
label
Relative energy
position E0 (eV)
Kinetic
energy (eV)
Intensity
A0
Width β
(eV)
Ni 2p3/2 1 c3d9L 0.00 629.30 1.00 4.4
2 – – – – –
3 c3d10L2-a 5.40 623.90 0.73 4.9
4 c3d10L2-b 8.50 620.80 0.10 3.0
5 c3d8 11.10 618.20 0.11 4.0
Ni 2p1/2 6 c3d9L 17.50 611.80 0.50 4.9
7 – – – – –
8 c3d10L2-a 22.90 606.40 0.365 5.0
9 c3d10L2-b 26.00 603.30 0.05 5.0
10 c3d8 28.60 600.70 0.055 6.0
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for the two samples but their energy position is almost identical (with a
maximum difference of 0.15 eV).
In the case of the NiO sample, the Ni 2p3/2 photoemission depicts the
typical shape of Ni cations located in an oxygen octahedral coordination
(see Ref. [12] for instance). The spectrum is characterized by a main
double structure at 629–631 eV kinetic energy (~855–857 eV binding
energy) as shown in Fig. 5(a) corresponding to a c3d9L ﬁnal state and
a broad strong shake up structure at ~5–8 eV higher binding energy
(lower kinetic energy) corresponding to a c3d10L2 ﬁnal state (in the fol-
lowingwe consider c3d10L2 as the sumof the two contributions c3d10L2-
a and c3d10L2-b, see Tables 2 and 3). Besides, another minor feature at
about 11 eV higher binding energy is observed, which is due to a c3d8
conﬁguration [15]. The c3d9L state is split into two bands (c3d9L/
c3d9L-nl), where the latter is mainly due to non-local (“nl”) screening
effects [14,16]. The band at higher binding energy is usually considered
as due to a non-local screening process from the oxygen electron cloud
belonging to the outer NiO6 clusters. The relative intensity of these two
contributions is extremely sensitive to sample preparation [12].
Because the present analysis is quantitative, we are able to report
relative intensities of the different states that contribute to the Ni 2p
photoemission, together with the corresponding widths. Thus, the
relative intensity ratio of the c3d9L/c3d10L2/c3d8 conﬁgurations is 1.40/
1.16/0.17 for the case of NiO samples (or equivalently 1.0/0.83/0.12).
Note that this quantitative evaluation was not possible in previous
works because the standard Shirley background was usually applied to
isolate these peaks (and in some case no background was subtracted).
Another signiﬁcant result is the relative intensity ratio between the
two contributions to the c3d9L conﬁguration. It is found that the
c3d9L-nl/c3d9L intensity ratio is 2.5. This large value might be related
to the amorphous structure of the sample. For single crystalline
NiO(100) an estimated value of ~1 has been reported [10] but without
a proper quantitative analysis. It is also worth noting that this non-
local splitting is present also in the Ni 2p1/2 photoemission peaks but
it is not resolved because the peak is wider due to the shorter lifetime
of this process.
At this point we note that themultiplet splitting found by ﬁtting the
Ni 2p3/2 emission also reproduces rather well the Ni 2p1/2 photoemis-
sion. We keep the same multiplet peak structure letting only the
width of the peaks vary to improve the ﬁt to the experiment (see
Table 2). The ﬁt in the Ni 2p1/2 region is excellent, except at the high
binding energy side (604 eV kinetic energy) where there is some inten-
sity mismatch. This indicates that the account of the c3d8 ﬁnal state to
(a)
(b)
Fig. 6. QUASES analysis of Ni2p photoemission spectra from (a) NiO and (b) Ni:SiO2: ex-
perimental spectrum (dashed line), background (dotted line) and F(E) spectrum (solid
line). Also shown (dash-dot) is the F(E) obtained from the ﬁtting procedure using
Eqs. (3)–(6).
(a)
(b)
Fig. 7. Various peaks contributing to the total F(E) function for (a) NiO and (b) Ni:SiO2.
Peaks are referenced as it is done in Tables 2 and 3: 1 and 6: c3d9L; 2 and 7: c3d9L-nl; 3
and 8: c3d10L2-a; 4 and 9: c3d10L2-b; and 5 and 10: c3d8 (the peaks 1–5 correspond to
Ni 2p3/2 emission and peaks 6–10 to Ni 2p1/2 emission).
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the Ni 2p1/2 photoemission is not just a replica of what is seen in the Ni
2p3/2multiplet. Aswewill see later thismismatch intensity is also present
in the analysis of the Ni 2p emission of the Ni:SiO2 sample. Thus, this
might also be an indication of a small deviation of the theoretical Ni
2p3/2/Ni 2p1/2 branching ratio.
For Ni:SiO2, Ni is a minority species in a SiO2 matrix and the non-
local peak disappears (see Table 3). The peak at 629.05 eV kinetic energy
vanishes and only the peak at 630.90 eV kinetic energy remains but
displaced to 629.30 eV kinetic energy (with an increased intensity), in-
dicating a strong distortion of the local octahedral structure characteris-
tic of NiO due to the presence of Si as second neighbor to Ni. Note that
due to the low concentration of Ni within the SiO2 matrix (about 5%)
and to the fact that the Ni atoms are randomly dispersed within the
ﬁlm, the local coordination of the Ni2+ ionswill most probably be tetra-
hedral, forced by the silica network. As expected, the corresponding
counterpart of the 629.05 eV peak for the 2p1/2 contribution (peak 7
in Table 3) also disappears.
The relative intensity ratio of the c3d9L/c3d10L2/c3d8 conﬁgurations
is 1.0/0.83/0.11 for the Ni:SiO2 samples for both the Ni 2p3/2 and Ni
2p1/2 peaks. Thus, while the intensity of all peaks is considerably differ-
ent between the two samples, it is noteworthy that the relative intensity
ratio is equal for NiO andNi:SiO2. It is possible to deduce this becausewe
use an accurate quantitative model to evaluate the background.
7. Conclusion
In this paperwe determine the primary excited spectra of Ni 2p pho-
toelectron emissions of NiO and Ni:SiO2 samples prepared by reactive
magnetron sputtering at room temperature. It relies on a quantitative
dielectric description of the photoemission process and the electron
transport. It is found that the intensity ratio between the Ni 2p c3d9L/
c3d10L2/c3d8 ﬁnal states is equal for NiO and Ni:SiO2 samples and fol-
lows the 1.0/0.83/0.11 intensity ratio. It is also found that the simple de-
scription of the 2p1/2 emission as a spin–orbit shift replica of the 2p3/2
emission accounts reasonablywell (but not exactly) for the correspond-
ing measured signal. Finally it is also reported that direct evaluation of
the primary excited spectra F(E) can be found by standard QUASES
peak shape analysis using the inelastic scattering cross-sectionsKscXPS ob-
tained from the dielectric description of the electron energy losses de-
scribed in Refs. [3,4].
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